PACS. 78.47 -Time-resolved optical spectroscopies and other ultrafast optical measurements PACS. 63.20H -Phonon-phonon interactions.
Introduction. -The observation of coherently excited phonons in the time domain has become possible by the development of ultrashort laser pulses with pulse duration shorter than the oscillation period. Optically stimulated coherent vibrations have been observed in dyes, molecular crystals and condensed media, revealing physical insight into the excitation and dephasing mechanisms [l-91. In opaque semiconductors like GaAs, the generation of coherent LO phonons with femotosecond laser pulses is based on the screening of the surface-space-charge field via ultrafast photocurrents [lo, 111. This generation mechanism significantly differs from other generation mechanisms as displacive excitation of coherent phonons (DECP) [12] or impulsive stimulated Raman scattering (ISRS) [131.
The field screening at GaAs surfaces results from free-carrier transport initiated by above-band-gap pulsed optical excitation. The decrease of the surface field as well as the oscillation of the macroscopic polarization associated with the coherent LO phonons are detected via the linear electro-optic effect in a reflective geometry. In contrast to C.W. Raman scattering experiments, both amplitude and phase of the lattice vibration can be detected. This allows optical experiments for the observation of the superposition of coherent phonons. A second pump pulse-with a variable time delay with respect to the firstgenerates a second burst of coherent phonons within the surface-space-charge field, which superpose constructively or destructively with the phonons already present, depending on the relative phase. Such an experiment has strong analogy with ISRS experiments by Weiner and co-workers[l4], where a periodic laser pulse train is used for the resonant enhancement of coherent vibrations in a molecular crystal at 5 K . There, the vibrational amplitudes are mode selectively amplified when the frequency spacing of the pulse train matches the oscillation frequency (approximately 2.4 THz). Although the present dual-excitation experiment can be regarded as a pulse train experiment, where the pulse train consists only of two successive pulses, it differs in several aspects from the ISRS experiments on molecular crystals. The investigated material is a non-transparent semiconductor, the experiment is performed at room temperature and the involved oscillation period of 8.8 THz is significantly higher. In addition the excitation mechanism is incoherent carrier transport in our case compared to a coherent process in ISRS. Both experiments demonstrate how the collective atomic motion can be controlled accurately by femtosecond laser pulses.
Generation a n d detection of coherent phonons. -The generation of coherent LO phonons in GaAs space-charge fields is based on a coupling of the lattice displacement to a macroscopic electric field [ l l , 91. The macroscopic electric field is set up by the Fermi-level pinning at the bare semiconductor surface due to charged surface states [E] . This effect results in a band bending towards the surface. The amplitude and screening length of the associated electric field perpendicular to the surface mainly depends on the doping density of the sample and the magnitude of the band bending [16] . It can be easily controlled via a Schottky contact and an externally applied voltage.
Optical excitation of free carriers with an ultrashort laser pulse from a colliding-pulse mode-locked (CPM) ring dye laser ( z~~~ = 50fs, Elaser = 2 ev) results in a rapid screening of the surface field via free-carrier transport [ l l , 171. This screening occurs on the time scale of the pulse duration, which is shorter than one LO-phonon period v;; = 114fs at k = 0. The ionic displacements in the polar semiconductor couple to the macroscopic field resulting in a coherent excitation of lattice vibrations within the surface-space-charge field.
We use reflective electro-optic sampling (REOS) for the detection of the ultrafast surface field changes on (100)-oriented GaAs [HI. The electric field causes anisotropic changes in the refractive index due to the linear electro-optic effect [19] . We use the symmetry of the effect on (100)-oriented GaAs, which causes changes in the refractive index along the [Oil] where no is the isotropic refractive index, ~4 1 is the electro-optic coefficient of GaAs (1.6.10-10 cm/V [19] ) and E is the longitudinal surface field. We use a fast-signal averaging technique by accomplishing the time delay via a retroreflector mounted onto a shaker. The difference signal is amplified and directly recorded in a high-performance computer unit (4 MHz A/D-converter) as a function of the time-calibrated shaker displacement. This technique provides a high signal resolution for the change in the reflectivity up to a few [20] , corresponding to a sensitivity for field changes of approximately 100 V/cm. The coherently generated phonons are observed via periodic modulations of the anisotropic refractive index. This macroscopic electric-field oscillation set up by the coherent lattice motion is superposed to the field screening contribution. For the analysis of the coherent phonons only the screening contribution is numerically subtracted.
The experimentally observed screening dynamics is well reproduced by numerical solutions of a drift diffusion model [17] . The calculation of the electro-optic response allows a quantitative determination of the observed signal amplitude and dynamics. The calculation confirms an observed saturation of the REOS signals at excitation densities > 10l8 due to the complete screening of the surface-space-charge field, which also means that the generation mechanism for further coherent-phonon generation is saturated.
Superposition of coherent LO phonons. -For the dual-excitation experiment we use an n-type GaAs sample (ND = (3 + 4). 1017 with a transparent indium-tin-oxide (ITO) Schottky contact. The rear of the sample consists of an Ohmic contact, so an adjustment of the built-in field via an externally applied bias voltage is possible.
To demonstrate coherent-LO-phonon superposition we use the second output beam of the CPM laser as a second pump pulse. This beam can be used, because we do not observe a jitter between the two counterpropagating CPM pulses at the time scale of the phonon period.
There exist two conditions for the superposition of coherent phonons. The first condition concerns the phonon dephasing time, which presents no problem, since the dephasing time is T2 = 4ps at room temperature [21] and sufficient low excitation levels. The second condition concerns the saturation of the generation process, which is achieved at excitation densities above 1018cm-3, is more difficult to meet. In order to achieve total extinction of the two coherent-phonon modes, the driving force for both phonon modes has to be adjusted to equal magnitude. The intensities of the two successive pump pulses are adjusted in a way that the second pulse has about 15% more intensity than the first. This is necessary because screening is a sublinear function of carrier density [17] . The first pump pulse generates a carrier density of approximately 4 1017
The density of the primary excitation should not exceed densities higher than 10l8 because then the plasma frequency comes into resonance with the LO-phonon frequency. This leads to the appearance of an additional TO mode (screened LO phonon), which is observed as a mode beating between LO and TO frequency in the time domain [22] . Additionally, the dephasing time decreases at these carrier densities. At excitation below 1017 emv3, the initial fast screening is insufficient to generate coherent phonons. Thus, there exists a narrow density range of 1017 N 10l8 in which a phonon superposition experiment can be properly performed. shown (curves labelled pl and p 2 ) and reveal a fast initial screening during the excitation pulse followed by a slower rise over a few picoseconds. This screening dynamics results from the temporal evolution of spatial carrier distributions [17] . The REOS signals are clearly modulated by coherently generated LO phonons with a frequency of 8.75THz.
The reverse bias applied to the ITO/n-GaAs sample is 2.1V. The associated maximum electric field at the surface is about 500kV/cm and the screening length 90nm, both calculated from the Schottky mode1 [16] . At this voltage we achieve equal screening amplitude and dynamics for the second pulse in the presence of the first, which means that the driving forces for the coherent phonons are approximately equal. The dephasing of the first mode has to be taken into account, which results in a decrease of the oscillation amplitude Q, e.g. Q(t = 600 fs) = 0.86Q( t = 0). The sublinearity of the screening as a function of carrier density may be proved by subtracting the curve labelled p l (only first pulse present) from the one labelled p 1 2 (both pump pulses), which yields a signal lower than the signal when only the second pulse is present ( p 2 ) . At these experimental conditions we tune the time delay Atl2 between the two pump pulses over one phonon period v i ; . Figure 2 depicts the extracted oscillatory part of this experiment. The time delay Atl2 covers one full vibrational period. Destructive superposition is observed at Atl2 = (n + 1/21 v i ; , while the coherent-phonon amplitude is resonantly enhanced when the time delay is an integer times the phonon period. The oscillation amplitude at the point of constructive interference is twice the amplitude resulting from a single pump pulse. The limits we found to be relevant in our experiment are comparable to the limitation in multiple-pulse ISRS experiments [14] . There, one limitation is the pulse width and the pulse repetition period in the pulse train, which presently limits the resolved and enhanced oscillations to about 6 THz [14]. In our experiment only the pulse width is relevant as far as the excitation and detection of coherent phonons are concerned, which presently limits our temporal resolution to approximately 12THz. In the ISRS experiments a resonant mode selective enhancement is possible, when the dephasing time T2 is larger than the length of the pulse train, which is quite the same condition for the time delay of the two pump pulses we used. In the dual-excitation experiment, however, it is possible to make the coherent atomic motion unambiguously go and stop for a well-defined time.
Conclusion. -We demonstrated the superposition of coherently generated LO phonons in GaAs by applying femtosecond pump probe techniques. Coherent LO phonons are generated via the ultrafast screening of surface-space-charge fields due to the transport of optically excited free carriers. Two successive pump pulses are used for the independent generation of coherent phonons. By adjusting the time delay between the two pulses, we can control the amplitude of the superposed coherent modes accurately via their relative phase. The limits for the observation of coherent-phonon superposition have been fulfilled, so that even total extinction of the coherently generated phonons has become possible.
This method of superposing coherent phonons and accurately controlling the amplitude of the vibrational mode between resonant enhancement and extinction opens the way for some new spectroscopic experiments. For example, this experiment can be performed at low temperatures, well below the thermal activation energy for LO phonons. Dual excitation at low carrier excess energies (< LO-phonon energy) allows to switch coherent LO phonons on and off for a short period and observe the response in carrier dynamics on the short phonon burst. Furthermore the possibility of switching on coherent LO phonons for a well-defined time, say one-half phonon period of approximately 57fs with a sufficient short laser pulse, allows to generate coherent acoustic phonons by the decaying LO phonons (vLo > vLA). The generation of coherent acoustic modes is of particular interest for experiments involving coherent non-equilibrium phonons, as has been recently proposed [23] .
